Summary.-Ehrlich ascites cells in mice have been shown to have a cell-surface trypsin-like neutral protease (TLNP) with proteolytic and p-naphthylamidase activity. This activity is inhibited by low-mol.-wt inhibitors of trypsin but not by 11 high-mol. -wt inhibitors of trypsin in free solution. We believe this lack of inhibition is due to protection given to the enzyme by the chemical environment of the cell surface. These cells were demonstrated to export a collagenase zymogen which has been shown to be activated by the cell-surface TLNP. When this protease was completely inhibited by low-mol.-wt inhibitors of trypsin, chymotrypsin was used to activate the collagenase zymogen exported by Ehrlich ascites cells. Examination of the products of collagenolysis at 15°C demonstrated the expected 3-and 4-length a-chain fragments derived from monomeric collagen, confirming that collagenase was one of the enzymes responsible for lysis of the collagen fibrils in the test system.
STUDIES ON EHRLICH ASCITES CELLS grown in mice (Whur et al., 1973) showed that when these cells were reinjected into fresh mice together with soybean trypsin inhibitor (SBTI) the tumour cells became deposited as a confluent monolayer on the hosts' internal abdominal surfaces. The authors suggested that the reason for this organized deposition was that the SBTI prevented proteolytic activity of an enzyme on the cell surface.
Studies from this laboratory (Steven & Podrazky, 1978 have shown the presence of a trypsinogenlike zymogen within a granule fraction of Ehrlich ascites cells, and also a potent inhibitor of trypsin which is present in the post-granule supernatant fraction obtained from these cells. We have now turned our attention to the external surface of Ehrlich ascites cells and the ascitic fluid surrounding these cells in vivo.
Preliminary studies demonstrated /-naphthylamidase, esterase and caseinolytic activity associated with the cell surface (Steven et al., 1981) .
The cleavage of N-benzoyl-L-arginine-/-naphthylamide (BANA) with the release of /-naphthylamine by the cell-surface enzyme indicated that it was trypsin-like in its requirement for arginine, and also had esterase and caseinolytic activity as expected from a trypsin-like enzyme. The similarity in substrate specificity of this enzyme and trypsin was further confirmed by its inhibition by the active site-directed agents p-nitrophenyl-4-guanidinobenzoate HCI (NPGB of Chase & Shaw, 1967) 4-methylumbelliferyl -4 -guanidinobenzoate HC1 (MUGB of Coleman et al., 1976) p-aminobenzamidine HCI (PAB) and N-otosyl-L-lysine-choloromethylketone HCI (TLCK) . From these observations we describe this cell-surface enzyme as a trypsin-like neutral protease (TLNP).
We also found in the ascitic fluid a potent inhibitor of trypsin in free solution. The experiments to be described will demonstrate that the cell-surface TLNP was not inhibited by high-mol. wt inhibitors of trypsin in free solution such as SBTI, Ovomucoid, Trasylol, a cartilage extract containing a protein inhibitor of trypsin (Kuettner et al., 1976 ) the trypsin inhibitor exported by the tumour cells into the ascitic fluid, nor by human serum containing 7 known protein inhibitors of trypsin and trypsin-like enzymes in free solution (Heimberger, 1974) .
These kinetic studies on the unusual inhibition properties of the tumour cellsurface TLNP have been extended to study the mechanism by which these cells convert the zymogen of collagenase (Steven & Itzhaki, 1977) derived from granules within these cells to manifest collagenase activity in the extracellular fluid. Collagenase activity leads to the degradation of extracellular collagen fibrils and may be a necessary requirement for the in vivo invasiveness of tumour cells. The presence of extracellular inhibitors of proteases prevents these enzymes in free solution from activating the zymogen of collagenase. The studies with these cells again demonstrated the failure of SBTI to inhibit the cell-surface TLNP. The activation mechanism for collagenase proposed in this study helps to explain the observed pericellular nature of collagen fibril lysis in connective-tissue degradation by tumour cells in vivo (Tarin, 1972 (Tarin, , 1976 .
MATERIALS AND METHODS
Ehrlich ascites cells were grown i.p. in mice exactly as described by Whur et al. (1973) . The cells were collected in isotonic saline after 8-10 days' incubation and the surrounding ascitic fluid was separated by centrifugation for 5 min at 300 g. The cells were washed x 6 by centrifugation in isotonic saline to remove all traces of ascitic fluid before use.
NPGB was obtained from BDH, London; Trasylol (10,000 KIE/ml) was kindly supplied as a gift from Bayer, London. BANA, TLCK, SBTI, MUGB and ovomucoid (1 mg inhibiting 9900 benzoyl-L-arginine ethyl ester units of trypsin activity) were purchased from Sigma, London. Casein was obtained from Fisons, Loughborough. The trypsin inhibitor from cartilage, described by Kuettner et al. (1976) , was prepared as a crude extract by chopping bovine nasal cartilage in isotonic saline and collecting the clear 50 supernatant fraction after 5 min centrifugation at 300 g. This crude extract contained 4-5 mg protein/ml, and 80 ul of extract totally inhibited 1 ,ug of trypsin assayed with BANA or fluorescein-labelled casein (Steven & Al-Habib, 1979) as substrate. This fluorescent substrate was chosen on account of its internal labelling and the need to ensure that the reaction products were derived from the added substrate rather than from the digestion of proteoglycans in the crude extract. The experimental conditions with fluoresceinlabelled casein were identical to those described for casein, except that the fluorimetry was carried out with an excitation wavelength of 495 nm and emission at 520 nm (Steven et al., 1975 (1966) . In these experiments a series of control tubes were included which contained trypsin or cells but with no inhibitor added. The products formed in these tubes were used to define the /-naphthylamidase activity of the trypsin and cells in each test system, which is shown as 100% in the accompanying figures. A drop in activity from 100% indicates an inhibition of the enzyme system under study. As mentioned above, it will be shown that SBTI had no inhibitory action against the cell-surface TLNP. It was therefore necessary to read the fluorescence of the 20 tubes in each of these experiments in 5 min, in order to reduce errors which could arise from significant differences in the time of contact between the enzyme and the substrate.
In order to provide comparable periods of incubation with BANA and the collagenolysis study (see below) we also used a 24h digestion period with BANA plus cells and SBTI, NPGB, MUGB, TLCK etc. as inhibitors.
No differences were noted between the results obtained with 24h and lh incubations with BANA as substrate.
Caseinolytic activity in inhibition studies.-The test system was exactly the same as described for f3-naphthylamidase above except that the Tris-HCI buffer was replaced with 3 ml of casein solution (4 mg/ml) with pH adjusted to 8-0 and the final volume adjusted to 4-0 ml with isotonic salinc in each tube. The incubation period was 3 h at 37°C followed by the addition of 0-5 ml 25% (w/v) trichloroacetic acid to terminate the reaction and precipitate undigested casein. The tubes were allowed to stand at room temperature for 18 h before being centrifuged at 300 g for 5 min; lOOul samples were removed from the clear supernatant fractions in order to determine the solubilized peptides by mixing with 2-0 ml 2% NaHCO3 and adding 0 5 ml fluram solution (containing 300 ,ug fluram in 0 5 ml acetone, Steven & Al-Habib, 1979) followed by immediate fluorimetric analysis using an excitation wavelength of 390 nm and emission wavelength of 490 nm. The results of these inhibition analyses were presented as percentages of the control enzymic activities as described for f-naphthylamidase above. We also used 24h digests, which provided similar data to these 3h digests. Collagenolytic activity of cells on collagen gels
The classical lysis of collagen gels (Gross & Lapiere, 1962 ) was used to demonstrate the production of active collagenase by tumour cells placed on gels of reconstituted collagen fibrils. The composition of the collagen gels was varied in order to elucidate the mechanism of procollagenase (zymogen of collagenase) activation by including in the gels SBTI, TLCK, MUGB, NPGB, etc., which had been shown by kinetic studies to have known effects on the cell-surface TLNP associated with Ehrlich ascites cells. In this procedure a solid gel of collagen fibrils (Gross & Kirk, 1958 ) is preformed from a solution of collagen (rat-tail tendon) at pH 8-0 which is poured into Petri dishes and allowed to form fibrils at 37°C for 2 h before the cells are added to the surface of the collagen gel. The production of collagenase may be seen as a clear zone surrounding the applied sample; this zone is liquid (solubilized collagen in the form of peptides) and is surrounded by the opaque solid collagen gel which has not been subjected to collagenase attack (see Gross, 1976) .
Collagenase is the only known mammalian enzyme to degrade collagen gels under these experimental conditions (Gross, 1976; Harris & Vater, 1980) . It is necessary to ensure that the collagen used is in the native state; this can readily be demonstrated by adding trypsin or chymotrypsin to the collagen before gel formation, since these enzymes readily degrade denatured collagen molecules (gelatins) and gel formation would be impossible. In the experiments to be discussed a number of plates included chymotrypsin to activate procollagenase (Fig. 5 ) and the lack of degradation of the collagen fibrils by the included chymotrypsin is good evidence for the retention of the native state of collagen molecules in this assay. Independent analyses with both trypsin and chymotrypsin added to tropocollagen solutions and incubated at 37°C for 18 h demonstrated that only 1-2% of the total hydroxyproline content of the test system was solubilized by these enzymes.
The appearance of collagen fibril lysis takes up to 2-3 days (Gross, 1976) . We were able to observe this overnight, though most experiments were continued for 72 h at 37°C. It might be considered that the tumour cells would die during a 24h incubation. For this reason we placed tumour cells in contact with the collagen gels for 1 h, and then washed off the cells and replaced the Petri dishes in the incubator for a further 18 h, when obvious lysis took place. We also compared fresh cells and sonicated tumour cells for their ability to produce collagenase; only the fresh cells did so, and the sonicated cells were inert even after 18 h at 37°C on collagen gels. Electrophoresis
Polyacrylamide gel electrophoresis of the collagenolytic products of cells plated on collagen gels, and of activated collagenase prepared from cell-cultures, was carried out according to Neville's technique (1971) . In these experiments the collagenase digestion was carried out at 15°C for 18 h so as not to destroy the helical regions in the products (viz. 3-and -length molecules Inhibition of the cell-surface trypsin-like neutral protease (TLNP) in kinetic studies
The data presented in Fig. 1 for NPGB and MIUGB indicate that these active-site titrants for trypsin (Chase & Shaw, 1967; Coleman et al., 1976) caseinolysis by the cell surface TLNP. It will be noted that these agents are required in much higher concentrations to inhibit the tumour enzyme than trypsin, the latter being inhibited in a stoichiometric manner. (Heimburger, 1974) . Serum also contains massive quantities of a2-macroglobin, an inhibitor of proteolytic enzymes with a huge range of specificities (Barrett & Starkey, 1973) , which acts as a general trapping mechanism for active proteolytic enzymes in free solution. The evidence presented above clearly indicates that the cell-surface TLNP cannot readily be inhibited by high-mol.-wt inhibitors, specifically directed towards trypsin-like enzymes and also (cr2-macroglobulin and Trasylol) directed towards proteolytic enzymes in general when in free solution.
It could be argued that the ascitic fluid and cartilage extracts are by no means pure inhibitors of trypsin. Such a criticism would be valid only if these agents had been able to inhibit the cell-surface TLNP of tumour cells. Since no inhibition was seen with the cells, yet strong inhibition of free trypsin was shown with all these agents, this criticism becomes irrelevant. We believe that the cell-surface enzyme is located in such a manner that these high-mol.-wt inhibitors fail to reach the active centre of the enzyme; thus these cells can proceed with proteolytic reactions carried out on their surfaces when the surrounding ascitic fluid contains excess inhibitor(s) of trypsin in free solution, which lacks the protection of the cell membrane.
We carried out a number of experiments in which we added incremental amounts of Triton XlO00 to the cells and measured the 3-naphthylamidase activity and lactic acid dehydrogenase activity (Kornberg, 1955) of each tube. It was found that as the cell membranes were disintegrated with increasing concentrations of Triton XI 00, as defined by the leakage from the cells of lactic acid dehydrogenase, so the /3-naphthylamidase activity of the cell surface also fell. We interpret these results to mean that rupture of the cell surface caused solubilization of the cell-surface TLNP, with subsequent inhibition by the escaped inhibitor of trypsin, which was originally present in the post-granule fraction or the cytosol of the Ehrlich ascites cells (Steven & Podrazky, 1978) .
The conclusions derived from kinetic data were confirmed by the collagen gel and by cell-culture experiments.
Inhibition of the tumour cell surface trypsinlike neutral protease (TLlVP) and collagenase production Birbeck & Wheatley (1965) first demonstrated collagenase surrounding Ehrlich ascites cells in vivo. The export of a zymogen of collagenase (procollagenase) by Ehrlich ascites cells and its subsequent proteolytic activation by the cell-surface TLNP is shown in Figs 4 and 5. Fig. 4a shows the zone of collagen fibril lysis (seen black, due to the background showing through the transparent liquid) surrounding Ehrlich ascites cells placed on collagen gels. The white area, distant from the cells, is the undegraded collagen. The enzyme mammalian collagenase requires Ca++ for activity to be expressed, addition of 4mM EDTA to the collagen solution before gel formation totally inhibiting collagenolysis. Independent kinetic data (not shown) demonstrated that 4mM EDTA did not inhibit the cell-surface TLNP. The production of collagenase was not inhibited by treatment of the cells with SBTI and the inclu-sion of SBTI (10 jg/ml) in the collagen gels (Fig. 4b) . Treatment of the cells with TLCK inhibited collagenase production during 18 h at 37°C (the gel appeared similar to Fig. 5a ). Slow regain of collagenase activity was observed over the next 24 h (Fig. 4c) . TLCK forms an ionic complex with the active site of trypsinlike enzymes which can be dissociated by diffusion of TLCK into the collagen gel. We included 100 /tM TLCK in the collagen gels, which completely inhibited the collagenolysis (Fig. 4d) . On the other hand, treatment of the cells with the active site titrants NPGB and MUGB, which form covalent linkages at the active sites of trypsin-like enzymes, completely inhibited collagenolysis in cells incubated on collagen gels for 72 h (similar to Fig. 4d ). In these instances it was not necessary to include the inhibitor in the collagen gel, since diffusion of the inhibitor from the active site was not possible. TLCK, MUGB and NPGB had no direct action on preformed collagenase, and their effect on the collagenolytic activity of tumour cells must be exerted at the level of zymogen activation. We have already shown (above) by kinetic experiments that SBTI and other high-mol.-wt inhibitors of free trypsin have no action on the cell-surface TLNP but that TLCK, MUGB, NPGB and p-aminobenzamidine all inhibit this enzyme. We can be certain that the cellsurface enzyme is responsible for the conversion of procollagenase to manifest collagenase only if we can demonstrate the export of procollagenase when TLNP on the cell surface is completely inhibited. Chymotrypsin is not inhibited by TLCK, and can activate procollagen. Tumour cells were treated with TLCK and (a) placed on collagen gels containing 100MM TLCK and (b) placed on collagen gels containing 100 /M TLCK plus chymotrypsin (10 Kg/ml). After 18 h, the cells on the gels containing chymotrypsin showed collagenolysis (Fig. 5b) , whilst those with TLCK alone in the medium showed no collagenolytic activity ( Fig. 4d ). No collagenase activity after 18 h, tlhough zymogen was exported.
(b) as (a) but the gel included chymotrypsin to activate the zymogen. Note that chymotrypsin itself does not degrade the surrounding areas of intact collagen fibrils. 5a). The evidence of Fig. 5a clearly shows a zymogen of collagenase which the TLCKinhibited cell surface cannot activate for collagen lysis, since this process requires the proteolysis of peptide bonds in the zymogen. In Fig. 5b this proteolysis is provided by the added chymotrypsin; in the absence of TLCK the chymotrypsin is not required for zymogen activation since the cell-surface TLNP carries out this function (Fig. 4) . In these experiments we could not use trypsin in the collagen gel for activation, due to the added TLCK. It is worth drawing attention to the fact that chymotrypsin had no ability to degrade the collagen gels (Fig. 5a ) which is good evidence for the maintenance of the native structure of the collagen molecules used in gel formation.
It might be argued that the enzyme exported by the cells was a cathepsin capable of degrading collagen fibrils. Normally a cathepsin does not require proteolytic activation of a corresponding zymogen for expression of activity, and the pH optimum is usually low; in this case we found no change in pH from 850 in the gel and lysed region, and we definitely required proteolytic activation. Polyacrylamide gel analysis of the 15°C digestion products of tropocollagen and collagen gels by cells and cell-culture fluid indicated 3-length fragments typical of mammalian collagenase activity. Although we believe a collagenase to be involved in this demonstration of tumourcell collagen fibril lysis, we would prefer to refer to the whole process as a collagenolytic enzyme system because of the involvement of the cell-surface TLNP in activation of the zymogen and subsequent further degradation of the 3-and --length Cell-culture fluids and extracts from collagen gels The trypsin-treated cell-culture fluids and extracts from collagen gels on which TLCK-treated tumour cells had been cultured were all shown to possess collagenolytic activity on collagen gels and by electrophoresis (Fig. 6) though, when the trypsin-activation step was omitted there was no collagenolytic activity. This evidence would suggest that the TLCK inhibition of the cell surface TLNP allowed the diffusion of procollagenase into the culture fluid, which after dialysis etc. was activated by trypsin proteolysis.
Short-term culture of tumour cells on collagen gels
When tumour cells were removed from the surface of collagen gels maintained at 370C for 1 h and the gels allowed to remain at 37°C, collagenolytic activity was found in the regions where the tumour cells had been placed. This evidence would indicate that although the collagenolysis system is slow to become apparent, the export from the cells of collagenolytic enzymes is rapid. It was also found that sonicated tumour cells did not export collagenolytic enzymes in 18 h; taken together with the short-term incubation experiments it would appear that live tumour cells are a requirement for collagenolysis, rather than the collagenolytic enzyme systems derived from lysis of dead cells.
Verloes et al. (1978) suggested that tumour cells possessed a surface-bound plasminogen-activator which may act as a "mitotic protease". These authors observed that p-aminobenzamidine and E-aminon-caproic acid increased the life expectancy of Ehrlich ascites tumour-bearing mice, whilst SBTI had only one-seventh the effect of E-amino-n-caproic acid in this respect. These authors also assumed that SBTI reacted with a cell-surface trypsinlike enzyme which was probably plasminogen activator. The studies reported here would confirm the observations of Verloes et al. (1978) that if the inhibition of the cell-surface trypsin-like neutral protease is to be effective in extending the life expectancy of tumour-bearing mice, lowmol.-wt active-site-directed agents must be preferred to SBTI and other proteins which inhibit trypsin in free solution. Active-site titrants would be expected to be even more effective than active-sitedirected inhibitors, since the former form irreversible inhibition complexes with trypsin in a stoichiometric manner.
We believe the evidence presented above clearly demonstrates the failure of highmol.-wt trypsin inhibitors (e.g. SBTI) to inhibit the Ehrlich ascites cell-surface trypsin-like neutral protease which is involved in activating the exported procollagenase from these cells. The evidence presented here on the collagenolytic activity of these tumour cells is in keeping with the invasive properties of tumour cells, since much of the extracellular matrix is composed of collagen fibrils. Since collagenase is inhibited by 0c2-macroglobulin, the diffusion of manifest collagenase away from tumour cells in vivo will be limited, and this would explain the observed pericellular degradation of collagen fibrils seen during tumour invasion (Tarin, 1976) .
